A theory of vocal fold oscillation is developed on the basis of the body-cover hypothesis. The cover is represented by a distributed surface layer that can propagate a mucosal surface wave. Linearization of the surface-wave displacement and velocity, and further small-amplitude approximations, yields closed-form expressions for conditions of oscillation. The theory predicts that the lung pressure required to sustain oscillation, i.e., the oscillation threshold pressure, is reduced by reducing the mucosal wave velocity, by bringing the vocal folds closer together and by reducing the convergence angle in the glottis. The effect of vocal tract acoustic loading is included. It is shown that vocal tract inertance reduces the oscillation threshold pressure, whereas vocal tract resistance increases it. The treatment, which is applicable to falsetto and brcathy voice, as well as onset or release of phonation in the absence of vocal fold collision, is harmonized with former treatments based on two-mass models and collapsible tubes.
primarily inertlye; i.e., it acts like a mass of air that is accelerated and decelerated as a unit (Rothenberg, 1981 ) . As the glotti3 is opening and the glottal flow is increasing, the air column in the vocal tract is being accelerated along with the glottal air. Since a positive acoustic pressure is needed for this acceleration, the vocal tract input pressure Pt rises above atmospheric pressure [see Fig. 2(a) , where the density of stipples relates to magnitude of pressure]. The average intraglottal pressure rises correspondingly, pushing the vocal folds apart. The driving force is thus in the direction of the tissue velocity, and energy is supplied to the vocal folds. When the glottis is closing, on the other hand, the supraglottal air column tends to maintain its forward momentum.
This creates a reduced supraglottal pressure Pi in the wake of the air column [ Fig. 2(b) ]. The reduced supraglottal pressure (suction) lowers the average glottal pressure, causing the driving force on the tissue to be diminished on this return path. At some point prior to closure, the average intraglottal pressure may actually become negative, in which case the driving force is again in phase with the tissue velocity. This need not happen, however. The only requirement is that the driving force be less positive during closing than opening, and that the net driving force over the entire cycle Figure 3 (b) shows the airflow corresponding to the displacement and velocity in Fig. 3 (a) . The shape of the airflow has been discussed and modeled in detail (Rothenberg, 1981 (Rothenberg, ,1983 Fant, 1983) . As indicated by the solid line, the slower rise and the more abrupt fall (i.e., the skewing of the waveform to the right) are a result of the inertia of the air in the vocal tract. When the glottis opens, positive supraglottal pressure is needed to accelerate the air column above the glottis. This takes time, and, hence, the buildup of flow is delayed with respect to the movement of the folds. Note that the peak airflow comes later in time than the peak displacement. As a reference waveform, the dashed line indicates the flow without air inertia, which follows the displacement exactly.
The deceleration of the flow is also delayed by the inertia of the air, but the sudden collapse of the glottal area at closure causes the flow to collapse suddenly as well. The resulting asymmetry in the flow waveform is a key factor in obtaining a velocity-dependent driving force. Consider now the air particle velocity in the glottis. The shape of the air particle velocity waveform [ Fig. 3 (c) ] is obtained by dividing the flow waveform in (b) by the displacement waveform in (a), since the displacement is proportional to glottal (duct) area. The important thing to note, again, is that the particle velocity is asymmetric around the peak tissue displacement, displaying a gradual increase over the open portion of the cycle. Without air inertia, the air particle velocity would be approximately constant, as shown by the dashed line in Fig. 3(c) .
The waveform for the mean glottal pressure P•, and hence the driving force, can now be estimated on the basis of Bernoulli's energy law. For negligible kinetic pressure in the supraglottal region, P• = Ps -1/2pu 2, where Ps is the subglottal pressure. This relationship is shown in Fig. 3 (d) . It is seen that a monotonic downward trend in the driving pressure over the open portion of the cycle follows the tissue velocity in Fig. 3 (a) , suggesting a strong velocity-dependent driving force.
In differential form, AP s = -pvAv for constant subglottal pressure. The key to instability in the duct wall (and, hence, the key to oscillation) is the negative sign in the above equation. Although it seems somehow counterintuitive that an increasing particle velocity should decrease the pressure on the wall, this is the basic characteristic in all flow-induced wall vibration phenomena. If the sign were positive, the mean driving pressure would increase with increasing particle velocity and decreasing tissue velocity. This opposite phase between driving force and tissue velocity would add a damping force similar to the frictional damping force.
Note, however, that the existence of the negative differential Bernoulli pressure alone does not guarantee negative damping. If air inertia is not present, as shown in the dashed lines of Fig. 3 (d) , whatever is gained during opening is lost during closing. Without the asymmetry caused by delayed response, no net energy transfer can take place.
Much has been made ofthe Bernoulli effect and negative glottal pressures in phonatory theory. It is not at all necessary that the pressure ever become negative. What is important is that more energy is imparted by the flow than is lost by friction in the tissue. Later quantitative analysis will reveal when this is the case. At this point, it is important to recognize that energy gain is facilitated by the combination of negative differential Bernoulli pressure and delayed vocal tract response, i.e., an inertire acoustic load.
B. Nonuniform tissue modes
Consider now the second, distinctly different, condition under which velocity-dependent driving forces can be achieved. If the tissue has a normal mode of vibration that results in different glottal shapes over different portions of the cycle, and if the different glottal shapes produce different glottal pressure profiles, a force asymmetry can also be established. This is illustrated in Fig. 4 . In order not to complicate the explanation, assume that in this case there is no vocal tract loading. This makes the supraglottal acoustic pressure Pi approximately zero (atmospheric). Furthermore, the airstream emerges from the glottis in the form of a jet that experiences little or no aerodynamic pressure recovery upon exit (Ishizaka and Matsudaira, 1972; Scherer, 1981 ) . Within the glottis, however, the pressure varies with glottal area. If we assume Bernoulli's energy conservation law to be applicable (at least approximately), the glottal pressures will rise above zero from top to bottom for a convergent glottis [ Fig. 4(a) ], whereas the glottal pressures will fall below zero from top to bottom for a divergent glottis [ Fig. 4(b) ]. (Recall that, according to Bernoulli's energy principle and the flow continuity principle, an increase in duct area is accompanied by an increase in duct pressure, and vice versa.) This establishes, at once, the desired driving pressure asymmetry. Since the average pressure in the glottis is greater for a convergent shape than for a divergent shape, a velocity-dependent driving force can be realized, and energy can flow from the airstream to the tissue.
But we need to be convinced that convergent and divergent shapes are likely to occur on alternate quarter-cycles as shown. The evidence comes from high-speed cinematography (Farnsworth, 1940) and studies on excised larynges {Baer, 1975). It has been observed repeatedly that the vocal folds vibrate with this vertical phase difference. Furthermore, normal mode analyses {Titze and Strong, 1975; Titze, 1976) have predicted an entire series of modes with horizontal and vertical phase differences if the tissue is treated as a viscoelastic medium bounded by rigid structures (e.g., cartilages). In the lowest mode (having the lowest natural frequency), the tissue moves in phase vertically, as in Fig. 2 . In the second mode, top and bottom move 180* out of phase, and the center is not moving at all. The combination of these two modes, which results in the frequently observed pattern shown in Fig. 4 , exhibits a phase difference less than 180 •, typically about 60•-91Y (Baer, 1975 ) .
We will show in this article that the vertical phase difference can be derived by asuming a simple one-dimensional surface wave in the form of an indentation (or depression) propagating on the vocal fold surface from the bottom to the top [note upward arrows in Fig. 4(a) and (b) ]. This surface wave can represent a small displacement of respiratory mucus external to the skin, or a larger displacement of moist, jellylike mucosal tissue under the skin (or both) traveling upward in the glottis at a velocity e. A few millimeters into the tissue (laterally), the surface wave is attenuated sufficiently so that the remainder of the vocal fold can be treated as a single mass, or neglected completely.
The delayed action of the tissue at the top of the vocal folds in relation to the bottom produces an effect equivalent to delayed action by air inertia in the vocal tract. The fact that the upper margins of the folds take longer to open allows more pressure to build up at the lower margins for a convergent glottis, forcing the tissue apart. Conversely, air inertia can be thought of as a "delayed opening of the vocal tract," allowing for higher intraglottal pressures on glottal opening. Similar arguments can also be made for glottal closing, with the intraglottal pressures being lowered by "delayed closing of the vocal tract" or upper margins of the tissue. 
C. Oscillation threshold pressure
The results of our mathematical analysis will show that a region of growing oscillation can be defined in terms of an oscillation threshold lung pressure that depends on tissue damping, the mucosal wave velocity, vocal fold thickness, prephonatory glottal width, and a prephonatory glottal convergenee factor. As in the Ishizaka and Matsudaira { 1972) theory, small-amplitude oscillation will be assumed around the mean prephonatory width. It will be demonstrated that lower oscillation threshold pressures occur with lower surface-wave velocities, with tighter adduction (bringing together of the folds), and with a divergent rather than a convergent prephonatory glottis. Lower surface-wave velocities are congruent with larger vertical phase differences, as we will also demonstrate.
With regard to vocal tract loading, we will show that the oscillation threshold pressure is affected by two primary variables, supraglottal inertance 12 and supraglottal resistance R 2. Increases in 12 will lower the threshold pressure, whereas increases in R2 will raise it. Thus the vibration characteristics of the source are dependent on the resonator, but this dependence is likely to be strong only when inadequate tissue mobility in the mucosa limits the propagation of a surface wave. folds (muscular and deep ligamental layer, shown stippled) is assumed to be stationary for the purpose of this treatment. This is a valid first-order approximation for dog larynges (Saito et al., 1985; Baer, 1975 ), but has not been confirmed for humans. The outer tissue layer of the vocal fold (the cover) is assumed to propagate a surface wave along the glottis, as suggested in Sec. I. This surface wave is governed by a wave velocity c, which does not need to be expressed in terms of more fundamental surface properties at this point. The anatomical and functional division between body and cover reduces the complexity of the analysis and allows for simpler oscillatory conditions than in the Ishizaka and Matsudaira (1972) treatment. Ishizaka and Matsudaira proposed two masses, two dampers, and three springs, resulting in seven viscoelastic parameters. In our present model, the number of viscoelastic parameters is reduced to four: one mass, one spring, one damper, and the mucosal wave velocity. From an anatomical standpoint, Ishizaka and Matsudaira seemed also to have modeled only the cover, since a minimum of two masses is needed to represent a surface wave with discrete elements. Their work was crucial to the development of more complex models. In particular, by starting from basic viscoelastic tissue properties, they proved the existence of a flow-coupled tissue wave in the cover. Given such a proof, one can feel justified in assuming a wave as a starting point in a simplified treatment of small oscillation. It should be acknowledged, however, that the mathematical simplification that will be achieved in this article is at the expense of the omission of some of the underlying mechanisms of surface-wave propagation.
In Fig. 5, consider.4 • and `4: to be subglottal and supraglottal areas, and a•, a s, and a: to be glottal areas at entry, midglottis, and exit, respectively. We assume that .4 • and.4: are constant, but that glottal areas are time and space dependent. In particular, we assume that the area anywhere along the glottis is a(z,t) = 2L [2o(Z) + •(z,t)], 
• 2-(z•/c), pliance C s, and inertance I s, and a resistance R s. As will be seen momentarily, these flow circuit elements are directly related to effective stiffness, mass, and damping of the vibrating vocal fold cover. Since vocal fold displacement has been linearized along the glottis [ Eq. (7) ], the mean displacement flow is at the midpoint and can be written as ua = 2Lr•.
(11)
However, the pressure variation within the glottis is not linear. A mean glottal pressure P,, which serves as the net driving pressure for the entire vocal fold tissue, can be computed if an intraglottal pressure function P(z) is known. This can then be related to the tissue response,
where M, B, and K are the effective mass, damping, and stiffness per unit area of the vibrating portion of the cover, lumped at the midpoint of the glottis. The area in question is the roedial surface area LT, over which the net driving pressure acts. We will show that the above equation of motion contains the necessary elements for oscillation, as proposed in Eq. (1). First, however, we focus our attention on the intraglottal pressure variation P(z). Since it is not a linear variation, it is incorrect to call the average pressure (P• + PO/2, nor is it correct to divide the total glottal resistance into two equal parts above and below the midpoint, as is done in linear circuit analysis with a T section. 
where k= is a kinetic pressure loss coefficient for the pretur- 
with the lower limit for k c applying to the highly convergent glottis and the upper limit applying to the rectangular glottis. A value of kc = 1.0 implies that all the pressure drop is kinetic (no energy loss) up to glottal exit. Given the relatively small range of k½, it is dear that not much energy is lost prior to exit. The equation for ke was derived by Ishizaka and Matsudaira (1972) by application of the momentum conservation principle. Over most of the glottal cycle, ke is less than 0.1, suggesting that almost no kinetic pressure is recovered after exit.
Given that energy losses are mainly downstream of the glottis, the intraglottal pressures can (to first order) be derived from Bernoulli's energy equation 
Since the exit recovery pressure is
we can substitute P• from (19) into ( 
It is often tacitly assumed in phonetic science that the vocal folds are driven by the transglottal pressure. This is true only if the vocal tract input pressure is zero, if the glottis is highly convergent, and if there is no exit pressure recovery. For such a rather trivial case, the transglottal pressure becomes the subglottal pressure. In general, the notion of transglottal pressure driving the vocal folds should be abol- In order to get simple relationships for oscillatory conditions, we consider small-amplitude vibration by letting 
Since positive lung pressures must result in positive displacement for a convergent glottis, the negative sign before the bracketed term can be discarded as being nonphysical. We assume now that the combined prephonatory and static displacements are much larger than the dynamic (osciliatory) displacements. Specifically, we expand the third factor in the left side of Eq. (22) The calculation of threshold damping pressures in Fig.  7 (a) required the quadratic solution (25) for the static displacement •. This solution is plotted separately in Fig. 7 (b) for the same four configurations. (Sinusoidal lines will be discussed later.) Note that the static displacement (plotted on the horizontal axis) is positive for the convergent shapes and negative for the divergent shapes. This is a direct consequence of the static Bernoulli pressures that either "bulge out" or "suck in" the medial surface to establish the true equilibrium position for oscillation. The static displacement in Fig. 7(b) adds to the prephonatory displacement shown in Fig. 7 (c) Fig. 7 (h) . These solutions have no physical significance here because they run counter to the basic small-oscillation assumptions, i.e., the existence of a stable equilibrium position. In large-amplitude oscillations, there is always a limiting function, such as nonlinear stiffness or vocal fold collision, that prevents the runaway problem faced by unstable equilibrium. Furthermore, in the human larynx, there is never an abrupt change in cross-sectional area from the trachea to the glottis, as shown in Fig. 7(c) . Rather, there is a gradual tapering in this region; hence, the net prophonatory divergence is limited. These and other limiting functions will be discussed in the subsequent article on large-amplitude oscillation and limit cycles.
The smallest value of_•ol in Fig. 7 (c) 
Upon substitution of • from Eq. (32) and recalling that r = T/2c, Eq. (34) can be shown to be identical to Eq. (30). This begins to reconcile our theory with that of Ishizaka and
Matsudaira.
One of the conditions for oscillation in the Ishizaka and
Matsudaira formulation was that the coupling stiffness sc between the masses must be less than the aerodynamic stiffness 4. This is equivalent, in our formulation, to saying that the mucosal wave velocity c must be less than 2 Tqb/r•. Otherwise, the delay time r in Eq. (33) shown vertically in Fig. 7 (b) . ] In the 100-ms time interval in Fig. 10, waveforms 1-4 show 9.1, 9.9, 10.5, and 11.0 completed cycles, respectively, corresponding to frequencies of   91, 99, 105, and 110 Hz. This agrees with the frequencies indicated by the dots at the threshold pressures in Fig. 9 . Damping pressures were again chosen from Fig. 7 (a) for the respective configurations 1-4 at the indicated dots.
The F o dependence on lung pressure and glottal convergence may be of significance in register control in human phonation. It is known, for example, that contraction of the vocalis muscle tends to adduct the lower portions of the vocal fold toward a more rectangular (or even slightly divergent) glottis (Hirano, 1975) . It is also known that the vocalis muscle is more active in chest register than in falsetto register (Hirano et at., 1970) . If we assume, therefore, that configuration 4 in Fig. 7(c) is a falsettolike prephonatory adjustment and configuration 2 is a chestlike prephonatory adjustment, we can see at once why significant acoustic changes are likely to occur when the register changes. For a nominal 8-cm H•O lung pressure in speech, the fundamental frequency in Fig. 9 drops from 108 to 70 Hz when a shift is made from configuration 4 to configuration 2. This type of a frequency change (up to an octave or so) is not uncommon in abrupt register transitions in humans or excised larynges.
More dramatic yet is likely to be the effect on intensity, although it is not quantified here. The mean vocal fold equilibrium position shifts toward the glottal midline by 0.05 cm according to Fig. 7(b 
) (curve 4 to 2 at PL = 8 cm H:O).
Since the mean prephonatory position is 0.10 cm, the glottal width is reduced by 50%. This would create longer and more abrupt closure under large-amplitude oscillation conditions, and, hence, a higher vocal i6tensity. If the lung pressure were slightly higher, the glottis would, in fact, collapse whenever configuration 2 is approached, even with small amplitudes. As a qualifter to this statement, however, it should be re- Fig. 7(c) .
Durham, 1987), but these factors will be left for a later discussion.
E. Oscillation conditions for lumped inertive vocal tract coupling
Whenever the fundamental frequency of oscillation is below the first-formant frequency of the vocal tract, the reactive portion of the input impedance is inertire (Rothenberg, 1981) . To a first-order approximation, then, the supraglottal vocal tract can be represented by a lumped inertance 12 and a resistance R 2. Subglottal acoustic loading could be similarly represented by Ii and R • but, to eliminate complexity, we restrict our discussion to supraglottal leading. In a previous article (Titze, 1985) , we showed that supraglottal and subglottal loads are, to a large extent, addi- Based on these parameters and an 18-½m H20 threshold lung pressure (to be discussed later), the initial estimate off from Eq. (48) 
for all values of 20. For typical parameters quoted previously, this yields the much lower threshold of 12.3 cm H20. Unfortunately, vocal tract losses can never be entirely eliminated. We conclude, therefore, that vocal tract inertive coupling may assist the primary mucosal wave mechanism in reaching oscillation threshold (assuming that the effects are somewhat additive), but is unlikely to become the dominant mechanism in any normal phonatory adjustment. 
diagram (p. 63). It is interesting to point out that delayed
action is a frequently encountered mechanism for oscillation in feedback control systems. Surface-wave propagation in the mucosa (cover) must be from bottom to top. Reversal of this direction would not produce oscillation. Rather, energy would flow from the tissue to the airstream. This is equivalent to the statement that the bottom mass in the two-mass system must always lead the top mass in phase. Negative effective damping will then be produced, which, in our study, was found to be inversely proportional to the surface-wave propagation velocity, or directly proportional to the time delay between upper and lower portions of the folds.
The delayed-action hypothesis was also used to conceptualize the effect of inertive loading by the vocal tract on the folds. Since buildup and collapse of airflow in the glottis and vocal tract are delayed with respect to tissue movement, a greater driving pressure was shown to exist during opening than during closing. This velocity-dependent driving force supplied energy to the vocal folds and helped build up oscil- where a large variety of articulatory gestures offers many different types of acoustic loads. In the presence of these variable loads, the larynx is able to control frequency, intensity, and the glottal source spectrum rather independently. Decoupling preserves constancy of phonation and seems to be desirable. The fact that a linear source-filter theory of speech production has been successful attests to this. When the fundamental frequency of phonation is raised above the normal speech range, as is often done in singing, two effects may take place that cause source-system independence to diminish. First, the vocal fold cover may stiffen, which would raise the mucosal wave velocity and thereby increase effective damping in the folds. Second, the reactive load of the vocal tract is greater at higher frequencies, particularly when the fundamental frequency approaches a formant frequency. Both of these factors would make the conditions of oscillation more dependent on the vocal tract, as evidenced by voice "breaks" that occur when an upward glissando is performed into an acoustic tube of unfamiliar length. Some singers, who perhaps have a thick and mobile vocal fold cover, may be able to keep the vocal folds oscillating in a constant manner under changing vocal tract conditions, even in the face of acoustic loads that are compliant rather than inertive. Little or no vowel modification on specific pitches may then be necessary to "tune up" the larynx with the vocal tract. On the other hand, those with less ideal tissue morphology (e.g., a stiffer mucosa) may find it necessary to adjust the vocal tract in specific ways to maintain tissue damping low with inertive loading.
To speculate a bit further, vocal health and hygiene may possibly be linked to the mechanical properties of the vocal folds and, in particular, to the viscoelastic properties of the mucosa. Viscoelastic properties may change with dehydration, with infectious disease, with trauma, with toxic materials, with temperature, or any number of other internal or external conditions. We are presently investigating the effects of hydration in vocal fold tissues on the oscillation threshold pressures defined and described in this article. Exact comparisons between theory and experiment are more suitable for large-amplitude conditions (limit cyles), and will therefore be a topic of a follow-up article.
